Abstract A self-consistent two-dimensional (2D) collisionless fluid model is developed to simulate the effects of the low-frequency (LF) power on a dual frequency (DF) capacitive sheath over an electrode with a cylindrical hole. In this paper, the time-averaged potential, electric field (Efield), ion density in the sheath, and ion energy distributions (IEDs) at the center of the cylindrical hole's bottom are calculated and compared for different LF powers. The results show that the LF power is crucial for determining the sheath structure. As the LF power decreases, the potential drop decreases, the sheath becomes thinner, and the plasma molding effect seems to be more significant. The existence of a radial E-field near the sidewalls of a hole may cause a significant portion of ions to strike the sidewall and lead to the phenomenon of notching.
Introduction
Plasma etching is one of the most crucial processes in micro electro-mechanical system (MEMS) manufacturing, which is attracting more and more attention [1] . Radio-frequency capacitive coupling discharge is one of the high-frequency discharge techniques widely used in semiconductor etching and deposition of thin films as well as surface modification [2−5] . In MEMS manufacturing, the processed substrate always exhibits a non-planar surface structure, when the size of surface features is comparable to or even larger than the sheath thickness, the sheath profile in the radial direction would no longer be uniform [6−9] , in such case, a 2D model is developed to accurately describe the physical characteristics of the sheath. The properties of the 2D sheath, and related topics, have been studied extensively in recent years [10−15] . As we know, radiofrequency capacitively coupled plasma (CCP) etching driven by DF sources makes it possible to independently control the plasma density in the reactor and the ion energy impinging on the substrate, in which the high-frequency (HF) source mainly controls the plasma density and the low-frequency (LF) source controls the ion energy [2−5] . Since the DF power is an important discharge parameter which influences directly the characteristics of the sheath, we focus on the impacts of LF power on the properties of a DF sheath. Since plasma etching always works at low pressure, a collisionless 2D model is developed to describe the characteristics of the DF sheath. In section 2, the 2D fluid model is presented for a DF sheath. In section 3, the numerical results are given and discussed. In section 4, a short summary is provided.
2D fluid model
A schematic diagram of the nonplanar electrode is shown in Fig. 1 . The electrode is assumed to have a cylindrical hole, which is placed in an argon discharge powered by a DF current source. Under these conditions, a DF biased sheath will be formed near the electrode. In view of the azimuthal symmetry of the problem, we adopt a 2D subset of cylindrical coordinates. 
Basic equations
In the sheath region, because the ion temperature is much lower than the directional kinetic energy, the ion thermal motion can be neglected. The ion density n i and the ion velocity u i are described by the cold ion fluid equations:
where m i is the ion mass, e is the elementary charge. The sheath potential Φ is governed by Poisson's equation:
where ε 0 is the permittivity of free space and n e is the electron density. In general, since the electron plasma frequency is much higher than the value of DF frequency, we may assume that the electrons are inertialess and can respond to the instantaneous E-field, the variations of the electron density in the sheath are assumed to follow the Boltzmann relation:
where n 0 is the plasma density, T e is the electron temperature, and k B is the Boltzmann constant.
Boundary conditions and simulation
The computational domain and boundaries are shown in Fig. 2 . For solving Eqs. (1)- (3), we need to choose appropriate boundary conditions. As shown in Fig. 2 , the height of the domain is set to be much larger than the sheath thickness. Hence, at the top boundary, we adopt the quasi-neutrality condition n i = n e = n 0 , while the potential is assumed to be zero, the inlet velocity of the ion is determined by the extrapolative inflow boundary condition [16] . At the side boundary, the condition ∂Φ/∂ρ = 0 is used for the radial component of the E-field. Similarly, the extrapolative outflow boundary condition is applied on both the electrode and the side boundary. Finally, at the central axis of the cylindrical hole, the radial component of ion velocity is assumed to be zero, as well as ∂n i /∂ρ = 0 and ∂Φ/∂ρ = 0 for the derivatives in the ρ direction.
The potential on the electrode is set to be equal to the instantaneous biased voltage Φ| electrode = V e (t). Here a current balance equation [17] is adopted:
which can self-consistently determine the relationship between the instantaneous biased potential V e (t) and the sheath thickness d s (t), where ω H and ω L are the angular frequency of the HF and LF source, respectively, I L sin(ω L t) and I H sin(ω H t) are the LF and HF current source, respectively. I i is the ion current incident on the electrode:
where A is the area of the electrode (we neglect the area of the sidewall of the cylindrical hole). I e is the electron current incident on the electrode:
where u eth = 8k B T e /πm e is the thermal velocity of electron, m e is the mass of electron. I d is the displacement current due to oscillation of the sheath voltage:
where C s (t) = ε 0 Ad s (t) is sheath capacitance, d s (t) is the instantaneous sheath thickness averaged in the ρ direction:
For the current-driven CCP discharge, the powers of LF and HF P L , P H can be determined as follows:
where T L is the LF periods, respectively. In order to obtain the desired power value, we need to adjust the current amplitudes of the I H and I L repeatedly until the power reach the specific values. It is well known that the plasma sheath is an especially highly convective system. In the simulation, the ion fluid Eqs. (1) and (2) are discretized in space using the extended flux corrected transport (FCT) [18−20] , which ensures that the high-order flux is used to the greatest extent without introducing ripples, while at the same time it can improve numerical accuracy and avoid numerical instability. In the present work, the FCT scheme is adopted to extend to the 2D case by using the time-splitting technique [21] . Poisson Eq. (3) is solved by a Gauss-Seidel method combined with a factor of successive over-relaxation to accelerate the convergence. The current balance equation is solved by the second-order implicit Runge-Kutta method [22, 23] .
Results and discussion
The discharge parameters are given as follows: plasma density n 0 = 1.0 × 10 15 m −3 , electron temperature k B T e = 3.0 eV. As shown in Fig. 2 , the radius of the cylindrical hole R = 30λ D (λ D is the Debye length, which is about 0.04 cm under the present discharge conditions), the depth of the hole H = 7.5λ D . According to typical operating conditions of DF sources in practice, the frequency and power of the HF source were fixed, LF frequency was also fixed, and the frequencies of the HF and LF were selected as 60 MHz and 2 MHz, respectively. The LF power was 2 W, 2.5 W, and 4 W.
Furthermore, for convenience in calculations, the position r = {ρ, z}, the time t, the ion velocity u i , the potential and E-field will be normalized by λ D , LF circle Fig. 3(a) and (b) show respectively the average sheath thickness and the time dependences of the electrode voltage for different LF powers. It is clear that the sheath characteristics are modulated by the LF work together with HF. With the increase of LF power, the amplitude of the potential at the substrate and the sheath thickness increase, which is similar to the results in the one-dimensional model [24] . Fig.3 In an LF circle, the time dependence of (a) the average sheath thickness ds(t) in the ρ direction and (b) the voltage on the powered electrode Ve(t) for different LF powers Fig. 4 displays the spatio-temporal sheath potential at the central axis of the electrode, from which we can observe that the sheath is formed near the surface of powered electrode. In the sheath, the potential rapidly decreases near the surface of the electrode, and the sheath potential reaches its maximum at the surface of the electrode, while the potential drop becomes weaker away from the surface of the electrode. Fig.4 Spatio-temporal evolution of the sheath potential at the symmetry axis for the LF frequency of 10 MHz
In Fig. 5(a) and (b), we plot the contour lines of the time-averaged sheath potential and ion density for different LF powers. It can be seen that the sheath profile is drastically distorted near the electrode in the presence of the cylindrical hole, while far away from the hole, the sheath profile becomes relatively smooth. At the same time, as the LF power decreases, the potential drop decreases, the sheath becomes thinner, and the plasma modulating effect [10−16] seems to be more significant. Fig. 6(a) and (b) show respectively the contour lines of the time-averaged vertical E-field E z and the radial E-field E ρ for different LF powers. Obviously, away from sidewall of the hole, the E ρ is weak, the E-field is vertical, however, near the sidewall of the hole, E ρ becomes strong and increases toward the sidewall, in such cases, it may cause a significant portion of ions to strike the sidewall of the hole and lead to the notching [25] . We also notice that the contour lines of the E-field are deformed more intensely with increasing LF power. The energy distributions of ions impinging onto the central of the cylindrical hole bottom are shown in Fig. 7 . The IEDs present multiple peaks and the width of the IEDs becomes narrower with decreasing LF power, which is similar to the results in the onedimensional sheath model [24] . 
Conclusion
In the present work, a self-consistent collisionless fluid model was developed to simulate the characteristics of 2D plasma sheath near an electrode with a cylindrical hole. The model includes 2D time-dependent fluid equations coupled with the Poisson equation. Moreover, the relationship between instantaneous voltage on the powered electrode and the sheath thickness is determined self-consistently by the equivalent circuit model. The results of simulations show that the LF power is one of the most crucial discharge parameters which directly influence the properties of the DF sheath. With the decrease of the LF power, the sheath becomes thinner, and the sheath profile seems to wrap more closely around the surface of the hole.
In plasma processing, the material to be etched is usually insulated, in which the ion flux would charge up the insulated substrate surface ("charging effect") to cause the surface voltage and the ion current bombarding the insulating substrate to decrease. In the future, we will extend the present model to study the properties of the sheath near an insulated substrate.
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